Cerebral peptide 2 (CP2), a 41 amino acid neuropeptide, was identified because it was transported from the cerebral ganglia of Aplysia to other central ganglia. Immunocytology indicates that CP2 is distributed widely in the CNS and peripheral tissues of Aplysia. Most CP2-immunoreactive neurons were found in the cerebral ganglia and extensively overlap with the distribution of cerebral peptide 1 (CP1). HPLC analyses confirm that individual cerebral neurons synthesize both CP1 and CP2. In other ganglia, CP1 and CP2 are localized predominantly to different neurons. CP2-immunoreactive fibers and varicosities are present in the neuropil of all ganglia but were found surrounding cell bodies and axon hillocks most often in the buccal and abdominal ganglia. Thus, the effects of CP2 on neurons in these ganglia were determined using intracellular recording. In the buccal ganglia, CP2 evokes rhythmic activity in many motor neurons that seems similar to that observed during ingestion; however, only one identified neuron was found to be depolarized directly. By contrast, in the abdominal ganglion, many neurons are depolarized directly by CP2. A number of these have been shown to be part of the circuit that regulates respiratory pumping. Injection of CP2 into freely behaving Aplysia increases the rate of respiratory pumping and causes other changes in behavior. CP2 is stable in hemolymph, which raises the possibility that it may act as a hormone. Thus, CP2 is a bioactive neuropeptide that is present in many neurons and likely functions as a transmitter or a hormone.
Cerebral peptide 2 (CP2), a 41 amino acid neuropeptide, was identified because it was transported from the cerebral ganglia of Aplysia to other central ganglia. Immunocytology indicates that CP2 is distributed widely in the CNS and peripheral tissues of Aplysia. Most CP2-immunoreactive neurons were found in the cerebral ganglia and extensively overlap with the distribution of cerebral peptide 1 (CP1). HPLC analyses confirm that individual cerebral neurons synthesize both CP1 and CP2. In other ganglia, CP1 and CP2 are localized predominantly to different neurons. CP2-immunoreactive fibers and varicosities are present in the neuropil of all ganglia but were found surrounding cell bodies and axon hillocks most often in the buccal and abdominal ganglia. Thus, the effects of CP2 on neurons in these ganglia were determined using intracellular recording. In the buccal ganglia, CP2 evokes rhythmic activity in many motor neurons that seems similar to that observed during ingestion; however, only one identified neuron was found to be depolarized directly. By contrast, in the abdominal ganglion, many neurons are depolarized directly by CP2. A number of these have been shown to be part of the circuit that regulates respiratory pumping. Injection of CP2 into freely behaving Aplysia increases the rate of respiratory pumping and causes other changes in behavior. CP2 is stable in hemolymph, which raises the possibility that it may act as a hormone. Thus, CP2 is a bioactive neuropeptide that is present in many neurons and likely functions as a transmitter or a hormone.
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We have been studying peptidergic synaptic transmission in Aplysia and have recently begun to characterize previously unidentified peptides that may be important in interganglionic communication. The CNS of Aplysia is composed of five major ganglia linked together by connective nerves. Peptide transmitters that are used for communication between ganglia would be expected to be synthesized in neuronal cell bodies in one ganglion and transported by fast axonal transport via axons in the connective nerves to release sites in target ganglia. Neuropeptides transported from the cerebral ganglia to other ganglia may be particularly important in behavioral regulation, because the cerebral ganglia receive input from many sensory structures and seem to be involved in the higher-order control of many behaviors (Kandel, 1979) . Although neurons in the cerebral ganglia that are involved in the initiation or modulation of behavior have been identified, little is known about the neuropeptides they may use as transmitters.
In a series of experiments that studied fast axonal transport of [ 35 S]methionine-labeled peptides between central ganglia, several previously uncharacterized peptides were found to be synthesized in the cerebral ganglia and transported primarily to the abdominal and pedal ganglia (Lloyd, 1989) . Two of these peptides, termed cerebral peptide 1 (CP1) and CP2, were targeted for purification . With the use of sequential modes of HPLC, radiolabeled peptide probes generated by transport experiments were used to monitor the purifications from extracts of cerebral ganglia. Both peptides were purified and sequenced: CP1 is a 13 amino acid peptide with no post-translational modifications; CP2 is a 41 amino acid peptide with an amidated C terminal .
The immunocytological distribution of CP1 in the CNS of Aplysia has been described . Neuronal cell bodies containing CP1-like immunoreactivity (CP1-lir) were found in each of the major ganglia, but the majority was located in the cerebral ganglia. In the present study, we report the distribution of CP2-lir in the CNS and certain peripheral structures. Neurons containing CP2-lir were found throughout the CNS but were most numerous in the cerebral ganglia, with a distribution similar to neurons positive for CP1-lir. Immunocytological and biochemical results presented here suggest that CP1 and CP2 are often but not always colocalized in neurons. Fibers containing CP1-lir and CP2-lir were found throughout the CNS and in a number of peripheral tissues. We also found that a number of identified neurons in the buccal and abdominal ganglia responded electrophysiologically to CP2, and that injection of CP2 into an animal reliably elicits a number of behavioral responses. Thus, we have identified in CP2 a new neuropeptide that seems to be involved in synaptic transmission between neurons in the cerebral ganglia and neurons in the remainder of the CNS.
Antisera
The amino acid sequence of CP1, NH 2 -FSGLMSEGSSLEA-COOH, and the anti-CP1 serum 1693 used in this study have been described . The amino acid sequence of CP2, nh 2 -FDFGFAGLD-TYDAIHRALEQPARGTSNSGSGYNMLMKMQRH-amide, has also been reported . Rabbit antisera against CP2 were prepared by a commercial source (ImmunoDynamics, La Jolla, CA). A synthetic peptide corresponding to the first 17 residues from the amino terminal of CP2, with a cysteine substituted for the amino terminal phenylalanine, Cys 1 -CP2[2-17], was conjugated to porcine thyroglobulin via the amino terminal cysteine residue and injected into two rabbits for immunization and subsequent boosts at 3 week intervals. After 10 weeks, the antisera, designated 1446 and 1447, were tested on an ELISA using the synthetic peptide conjugated to bovine serum albumin as the antigen. When used for immunocytology, antiserum 1446 and 1447 produced similar staining, but 1447 was used routinely because of its lower background staining.
Immunoblot analysis of CP1 and CP2 antisera
The central ganglia from two animals (ϳ100 gm) were extracted in 20 mM trifluoroacetic acid (TFA), 28 mM 2-mercaptoethanol (2-ME) at 100ЊC for 10 min. Pooled extracts of the cerebral ganglia or of the remaining central ganglia minus the cerebral ganglia were run on HPLC (as described below for single neurons). The resulting fractions were dried and brought to a volume of 10 or 30 l with 20 mM TFA, 70% CH 3 CN (the volume that was used depended on the size of the fraction). Volumes of 1-3 l were blotted on Immobilon-P membrane (polyvinylidene difluoride, 0.45 m pore size; Millipore, Bedford, MA) coated with 5% normal goat serum (NGS; Life Technologies, Gaithersburg, MD) in PBS. Membranes were also blotted with synthetic CP1 or Cys 1 -CP2[2-17] (0.01-100 pmol). Membranes were fixed for 4 hr in 4% paraformaldehyde vapor at 40ЊC and then air-dried. Membranes were wetted with methanol, washed in several changes of water, and then washed in PBS. Nonspecific binding of antisera was blocked with 5% NGS and 0.2% Tween 20 in PBS (0.14 M NaCl, 0.01 M phosphate, pH 7.4). Membranes were incubated with antisera against either CP1 (1693 diluted 1:10,000) or CP2 (1447 diluted 1:20,000) for 12 hr, rinsed in several changes of 5% NGS, 0.2% Tween 20, and incubated in a 1:200 dilution of goat anti-rabbit IgG (GAR)-biotin (Vector, Burlingame, CA) in 5% NGS, 0.2% Tween 20 for 2 hr, and then rinsed in several changes of 5% NGS, 0.2% Tween 20, followed by several changes in 0.2% Tween 20 in PBS. Membranes were incubated in a 1:500 dilution of avidin-biotin complex conjugated to horseradish peroxidase (ABC-HRP; Vectastain Elite kit, Vector) for 1.5 hr, washed in several changes of 0.2% Tween 20 in PBS and then PBS alone, and developed in 0.025% diaminobenzidine (DAB)/0.0125% H 2 O 2 .
Tissue preparation and staining
Whole mounts. Immunocytology of whole mounts was carried out using the methods of Longley and Longley (1986) , as modified by Pearson and Lloyd (1989) . Ganglia and peripheral tissues were dissected from immobilized animals and pinned out in a dish with a Sylgard (Corning, Corning, NY) base in a low Ca 2ϩ (0.5 mM; 0.05ϫ normal), high Mg 2ϩ (110 mM; 2ϫ normal) ASW (termed low Ca ASW). Tissue was fixed in 4% paraformaldehyde, 30% sucrose in 0.1 M phosphate buffer (PB), pH 7.4, for 4 hr at room temperature or overnight at 4ЊC. After fixation, the tissue was washed in PB and then in PB containing 1% Triton X-100, 0.1% sodium azide for 12-24 hr. After this wash, ganglia were desheathed manually. Nonspecific binding of antibodies was blocked by incubating the tissue in a blocking solution of PBS with 1% Triton X-100, 0.1% sodium azide, and 5% NGS overnight. Primary and secondary antisera were diluted in this blocking solution. Anti-CP2 serum 1447 was diluted 1:10,000 for use with the ABC-HRP or 1:1000 for use with GAR IgG conjugated to a fluorophore. Fluorescent secondary antisera GAR-aminomethylcoumarin acetate (GAR-AMCA; Jackson Labs, Bar Harbor, ME) or GAR-fluoroscein isothiocyanate (GAR-FITC; Jackson Labs) were used at a dilution of 1:100. Tissue was mounted in 1% n-propyl gallate in a 1:6 PBS/glycerol solution, pH 8.5. When the secondary antisera were GAR-conjugated to HRP (GAR-HRP, 1:100 dilution; Jackson Labs) or GAR-biotin (1:400 dilution; Vector) followed by incubation with ABC-HRP (1:500 dilution; Vector), the tissue was incubated in 0.025% DAB (Sigma, St. Louis, MO), 0.0125% H 2 O 2 , after which it was rinsed in PBS, dehydrated in a series of increasing concentrations of ethanol and then in 50% ethanol/ 50% xylenes, and finally in 100% xylenes, and mounted in DPX (Fluka, Buchs, Switzerland).
Sections. The initial handling of the tissue was the same as for whole mounts. Before the wash in Triton X-100, the tissue was embedded in 12% gelatin in 20 mM PBS, with or without 15% sucrose. After the gelatin had set, tissue blocks were fixed overnight at 4ЊC in 4% paraformaldehyde, 30% sucrose. Frozen sections (20 -25 M) were cut and transferred to PBS in nylon mesh-bottomed wells for staining. The solutions used for sections were the same as those for whole mounts except that 0.5% Triton X-100 was used. Primary and secondary antisera were diluted in blocking solution. Sections were mounted on gelatin-coated glass slides using the the appropriate media as described for whole mounts.
Specificity of staining was tested by the immunoblot procedure described above and by preabsorption of diluted primary antisera with 100 M synthetic peptide (CP1 for 1693 or Cys 1 -CP2[2-16] for 1447) for 16 hr at 4ЊC, centrifugation at low speed, and use of the upper portion of the supernatant for immunocytology. No staining was observed for either of the peptide preabsorbed antisera. Neither preimmune antisera produced staining.
Comparison of CP1-lir and CP2-lir
Whole mounts of ganglia were processed using a technique developed for double-labeling for two monoclonal primary antibodies (Wessel and McClay, 1986 ) modified for polyclonal rabbit antisera and Aplysia tissue. Briefly, the first primary antiserum was applied, and after it was washed, a high concentration (1:25) of goat anti-rabbit Fab fragment conjugated to either FITC or lissamine rhodamine sulfonyl chloride (LRSC; Jackson Labs) was used as the secondary antiserum. After this tissue was washed to remove excess secondary antiserum, the second primary antiserum was applied, followed by a wash, and then incubation with goat anti-rabbit IgG (1:100) conjugated to either AMCA or FITC. Controls for this procedure were preabsorption of the first or second primary antiserum with the appropriate synthetic peptide. This procedure worked well for whole mounts (see Fig. 4 ), but despite many procedural modifications, we were unable to develop conditions that produced acceptable doublestaining in sections. Thus, for sections of ganglia or peripheral tissues, alternate sections were incubated with anti-CP1 or anti-CP2 sera followed by GAR-HRP secondary antisera. For peripheral tissues, the entire buccal mass, gill, kidney, heart, genital tract, penis complex, foot, and body wall from several small animals (1-5 gm) were sectioned. Portions of these tissues from larger animals (50 -250 gm) were also sectioned.
Interganglionic transport
Transport experiments were carried out as described previously (Lloyd, 1989) . Briefly, cerebral, pedal-pleural, and abdominal ganglia were removed, with their connective nerves intact, and transferred to a transport chamber. The cerebral ganglia were isolated from the other ganglia by running the intact cerebral connectives through a polypropylene and petroleum jelly diffusion barrier. The cerebral ganglia were incubated for 24 hr with 0.5 mCi [
35 S]methionine (Ͼ1000 Ci/mmol; Amersham, Arlington Heights, IL) in 0.5 ml of 50% ASW (460 mM NaCl, 10 mM KCl, 11 mM CaCl 2 , 55 mM MgCl 2 , 5 mM NaHCO 3 , pH 7.8), 50% hemolymph, 0.01% glucose, 25 U/ml penicillin, 25 g/ml streptomycin, and 0.01% 2-ME. The remaining ganglia were incubated in 150 ml of ASW with 10% L15 culture medium (Sigma) modified to have the same salt composition as ASW, 0.01% glucose, 25 U/ml penicillin, 25 g/ml streptomycin, and 0.01% 2-ME. The labeling period was followed by a 24 hr chase with 1 mM unlabeled methionine in the ASW, L15 medium. The pleuralabdominal connectives, the abdominal ganglion, and the major nerves that leave the abdominal ganglion were then extracted separately in 0.5 ml of 20 mM TFA and 28 mM 2-ME, heated to 100ЊC for 10 min, homogenized, and centrifuged at 10,000 ϫ g for 10 min. The supernatant was filtered (0.45 m, LC13, Gelman, or 0.2 m, Microspin) and run on HPLC (as described below for single cells).
Synthesis of CP1 and CP2 by single neurons
Putative CP1-and CP2-synthesizing neurons were identified by relative size and location in living ganglia based on observations of immunocytological staining of whole mounts. Neurons were electrophoretically injected with a vital dye (1% fast green; Sigma) via an intracellular electrode (Church and Lloyd, 1991) . Newly synthesized peptides were labeled by incubating ganglia in a 0.5 ml solution of 50% Aplysia hemolymph, 50% ASW containing 1 mM colchicine, 25 U/ml penicillin, 25 g/ml streptomycin, 0.1% 2-ME, and 0.5 mCi [
35 S]methionine (Amersham) for 20 hr at room temperature (ϳ20ЊC). The labeling period was followed by a 4 hr chase with 1 mM unlabeled methionine in ASW. Individual neuronal cell bodies were dissected using the freeze substitution technique (Ono and McCaman, 1980) and were transferred to polypropylene microtubes containing 50 l of 20 mM TFA, 28 mM 2-ME, and 2 nmol each of synthetic buccalin A (BuA; American Peptide Co.), CP1 (BioSynthesis), CP2 (AnaSpec), FMRFamide (Bachem, Torrance, CA), myomodulin A (MmA; Peninsula, Belmont, CA), and pedal peptide (Applied Biosystems). Extracts were heated at 100ЊC for 10 min, cooled, 50 l of CH 3 CN was added, and the sample was filtered (0.45 m; Microspin). The filters were rinsed with 50 l of 50% CH 3 CN in 10 mM heptafluorobutyric acid (HFBA), and the volume was brought to 500 l with 10 mM HFBA. Samples were analyzed by HPLC using an Aquapore RP-300 C8 column (4.6 ϫ 220 mm; Pierce, Rockford, IL). The initial separation used a linear gradient from 15 to 50% CH 3 CN in 23.3 min (counterion: 10 mM HFBA). Fractions were collected, and aliquots were liquid-scintillation counted. In some cases, aliquots of fractions were pooled, dried, and analyzed using a second gradient from 5 to 45% CH 3 CN in 20 min (counterion: 10 mM TFA).
Electrophysiology
Ganglia were manually desheathed. Neurons were identified on the basis of published characteristics, including relative size, location, pigmentation, and synaptic connections. Identified neurons were impaled with single microelectrodes (3-8 M⍀) containing 3 M potassium acetate and 0.1% fast green. Action potential durations were measured at the halfmaximal amplitude of the first action potential after a long period of hyperpolarization (ϳ60 sec) to reduce the influence of previous firing frequency. Recordings were carried out in normal ASW (nASW), low Ca ASW (see Tissue preparation and staining), or high Ca 2ϩ (33 mM; 3ϫ normal), high Mg 2ϩ (165 mM MgCl 2 ; 3ϫ normal) (termed high Ca, high Mg ASW). A minimum superfusion period of 1 hr was used when changing to different ASWs. Synthetic peptides were applied in a 500 l bolus via an injection loop into a 500 l bath. A flow rate of ϳ1 ml/min was used.
Stability of CP2 in hemolymph
CP2 was incubated in hemolymph taken from a cold-anesthetized animal (15 min at 4ЊC) as described previously (Hall and Lloyd, 1990) . Briefly, radiolabeled CP2 was purified from pooled H, B, and G cluster neurons by HPLC, combined with synthetic CP2 (final total concentration ϳ1 M), and incubated in either previously boiled hemolymph or fresh hemolymph for 20 min at 22ЊC. Aliquots of the samples were removed periodically and diluted into 500 l 20 mM TFA, 28 mM 2-ME containing excess unlabeled synthetic CP2 (5 nmol). This sample was centrifugefiltered and analyzed by HPLC using the TFA gradient described above.
Injection of CP2 into freely behaving animal
Each animal was weighed, isolated in a floating plastic cage within the aquarium, and observed for 15 min before injection. Overall behavior and the number of respiratory pumps (RPs) were noted. Animals were then injected with 100 -300 nmol synthetic CP2 (depending on the size of the animal) in 200 -500 l nASW and observed for 30 min. Control animals were handled in the same manner but were injected with only nASW.
RESULTS

CP2-like immunoreactivity in the CNS
The specificity of the antisera were determined using immunoblots of HPLC fractions from extracts of cerebral ganglia or the total CNS minus the cerebral ganglia. Aliquots of HPLC fractions were blotted onto membranes and incubated with either the anti-CP1 serum (1693) or the anti-CP2 serum (1447). The anti-CP1 serum detected immunoreactivity only in the fractions in which synthetic CP1 eluted in a parallel run, and the anti-CP2 serum detected immunoreactivity only in the fractions in which synthetic CP2 eluted in a parallel run. Immunoblots are only semiquantitative, but comparisons of the intensities of immunoreactivity from tissues with those from synthetic peptides indicated that the paired cerebral ganglia contained 1-10 pmol of CP1 or CP2, which agree with values estimated from the purifications: ϳ6 pmol CP1 and ϳ4 pmol CP2 per paired cerebral ganglia . From the immunoblots we estimated that the remainder of the CNS contains 1-10 pmol CP1 and 0.1-1 pmol CP2. These relative values correlate roughly with the nature and intensity of immunocytological staining that we observed (see below).
CP2-lir was found in axons and varicosities in the neuropil of all the major ganglia and in axons in every connective and peripheral nerve except the optic and buccal nerves. Positive cell bodies were localized predominantly to the cerebral ganglia. Neurons of cerebral ganglia have been divided into clusters designated A through M (Jahan-Parwar and Fredman, 1976; Ono and McCaman, 1980) . On the dorsal surfaces, cell bodies containing CP2-lir were located in the B, C, D, E, G, and H clusters (Figs. 1 and 5 ). Another cluster of small teardrop-shaped neurons located at the lateral margin of the cerebral-pleural connective (caudal to the D cluster and ventral to the A cluster) also contained CP2-lir. On the ventral surface of the cerebral ganglia ( Figs. 1 and 2 ), neurons containing CP2-lir were found in the B, G, and H clusters (neurons in many clusters are located on both ventral and dorsal sides of each ganglion), as well as in a medial cluster of cells immediately adjacent to and on both sides of the commissure, which we have designated the N cluster, extending the established nomenclature for cerebral neuronal clusters (Jahan-Parwar and Fredman, 1976 ). CP2-lir was also observed in several cell bodies in the anterior region of each pleural ganglion (Fig. 5 ). In the buccal ganglion, immunoreactive fibers were found predominantly in the lateral region of the neuropil and surrounding the cell bodies and initial segments and cell bodies of several small neurons (Fig. 3A) . In addition, CP2-lir was observed in a cluster of very small neurons on the caudal surface of each buccal ganglion lateral to where the esophageal nerve exits the ganglion (not shown). Three clusters of neurons in the abdominal ganglion were also immunoreactive for CP2. One cluster was located in the left hemiganglion at the lateral margin of the dorsal surface. Another cluster was in the right lower quadrant between identified neurons R2 and R15 (Fig. 3B) . Most of these cells were below the surface layer of neurons, just above the neuropil. The third cluster is located at the lateral margin of the right upper quadrant. CP2-lir was also observed in varicose axons surrounding the bag cells (Fig.  3C ). In the pedal ganglia, no cell bodies contained CP2-lir, but many immunoreactive fibers and varicosities were found in the neuropil and peripheral nerves.
Colocalization of CP1-lir and CP2-lir in the CNS
The localization of CP2-lir in the cerebral ganglia was similar to that observed previously for CP1-lir . Figure 4 shows the ventral surface of cerebral ganglia that were double-stained for CP1-lir and CP2-lir. Many neurons were immunoreactive for both peptides, including those of the B, G, H, and N clusters; however, several neurons contained only CP1-lir or CP2-lir but not both. For example, neurons containing only CP1-lir were found in the bilaterally symmetrical rostral E and M clusters of the cerebral ganglion. On the dorsal surface, many of the smaller neurons seemed to contain only CP1-lir or CP2-lir (Fig. 5) . CP2-lir, but not CP1-lir, was observed in an asymmetric cluster of small neurons in the right pleural ganglion (Fig. 4) . These neurons were located between the pleural sensory neurons and the posterior cluster on the medial surface of the ganglion (Kehoe, 1972) . Neurons in the anterior cluster contained either CP1-lir or CP2-lir or both (Fig. 5) . In other ganglia, CP1-lir and CP2-lir were found in different populations. For example, the bilateral clusters of pedal neurons that were immunoreactive for CP1 did not contain CP2-lir.
In the periphery, CP1-lir and CP2-lir were found in fibers in the gill, foot, body wall, and genital tract, whereas only fibers containing CP2-lir were observed in the penis. Neither CP1-lir nor CP2-lir was observed in the heart, kidney, or buccal mass. Because many of the peripheral tissues innervated by the abdominal ganglion contained immunoreactive fibers and because very few neurons in this ganglion contained CP1-lir and CP2-lir, we investigated whether some of the CP1 and CP2 in these tissues might be synthesized in the cerebral ganglia and transported to the abdominal ganglion and then out peripheral nerves. To test for this, cerebral ganglia were incubated in [
35 S]methionine, and the relative amounts of labeled CP1 and CP2 transported to the pleuralabdominal connectives, abdominal ganglion, and peripheral nerves leaving the abdominal ganglion were determined. Although most of the radiolabeled CP1 and CP2 was associated with the connectives and the abdominal ganglion (76.4 Ϯ 6.3% total transported CP1 and 60.1 Ϯ 7.9% total transported CP2; mean Ϯ SEM; n ϭ 7), labeled CP1 and CP2 were also detected in the peripheral nerves. Most of the labeled CP1 and CP2 were found in the branchial nerve (15.3 Ϯ 3.7% of CP1 and 26.0 Ϯ 5.2% of CP2). Occasionally, labeled CP1 or CP2 was also detected in the siphon or genital nerve, although the level of this transport varied between experiments. Labeled CP1 or CP2 was not recovered from the pericardial nerve, an observation consistent with the lack of immunoreactivity in the heart and kidney, two of the major tissues innervated by this nerve (Kandel, 1979) .
Synthesis of CP1 and CP2 by single neurons
We analyzed peptide synthesis in individual neurons as an independent method for determining whether CP1 and CP2 were colocalized in neuronal cell bodies. Intracellular recordings were made from neurons in the B, G, and H clusters of the cerebral ganglia to characterize their spontaneous activity, action potential durations, and in some cases, their synaptic connections. The neurons were then stained with fast green injected via the intracellular electrode and incubated with [
35 S]methionine. Individual cell bodies were then dissected and extracted, and labeled peptides were analyzed by HPLC using HFBA as the counterion. Examples of HPLC of extracts from individual neurons from each of the clusters are shown in Figure 6 , and the content of radiolabeled peptide corrected for the number of methionine residues in each peptide is summarized in Figure 8 . For the neurons listed below, the labeled CP1 and CP2 peaks from the first HPLC runs continued to coelute with their respective synthetic peptides when aliquots of the peaks were analyzed by a second HPLC gradient using a different counterion (TFA).
B cluster neurons
Neurons in the B clusters of the cerebral ganglia can be divided into two major subpopulations on the basis of location, morphology, the nature of their synaptic connections, and biophysical characteristics (Teyke et al., 1989) . Bn neurons have narrow (rapid) action potentials, receive input from A neurons and other Bn neurons, and are located predominantly on the dorsal sides of the ganglia, whereas Bb neurons have broad action potentials, do not receive input from either A neurons or other B neurons, and are located predominantly on the medial ventral region of the ganglia (Fig. 5) . On the basis of the location of immunoreactive cell bodies, we predicted that Bb neurons would synthesize CP1 and CP2, whereas Bn neurons would not. Indeed, all Bb neurons that were analyzed (9 of 9) and no Bn neurons (0 of 4) synthesized CP1 and CP2. Action potential durations at half-maximal amplitude were 8.2 Ϯ 0.9 msec (mean Ϯ SEM; n ϭ 9) for Bb neurons and 2.8 Ϯ 0.7 msec (n ϭ 4) for Bn neurons. When the levels of synthesis for the two peptides in Bb neurons were compared, it was found that these neurons produced about half as much CP1 as they did CP2 (Fig. 8) . We also determined that all Bn neurons that were analyzed (4 of 4) synthesized another neuropeptide, FMRFamide (Fig. 7) ; thus, the division of the B cluster neurons into Bb and Bn populations is also supported by the nature of their neuropeptide expression.
G cluster neurons
Many of the G cluster neurons that were analyzed (9 of 19) synthesized both CP1 and CP2 (Fig. 6 ). These neurons were found in the medial region of the cluster, predominantly on the ventral surface (Fig. 5) . Like the Bb neurons, these G cluster neurons synthesized about half as much CP1 as CP2 (Fig. 8) . These neurons were either silent or spontaneously active at low rates (Յ1 Hz) in the isolated cerebral ganglia, and they had broad action potentials (duration at half amplitude ϭ 9.8 Ϯ 1.5 msec; n ϭ 9). The neurons that did not synthesize CP1 or CP2 usually were located more laterally in the cluster, did not seem to synthesize significant amounts of any methionine-containing peptides, and had narrower action potentials (4.0 Ϯ 0.2 msec; n ϭ 10).
H cluster neurons
We have shown previously that pooled H cluster neurons synthesized CP1 and an unidentified peptide using a gradient that would not elute CP2 . In the present study, we found that all H cluster neurons that were analyzed (10 of 10) synthesized CP1 and CP2 as well as small amounts of the unidentified peptide (Fig. 6 ). It seems likely that all of the neurons in this cluster synthesize at least the three peptides. In contrast to Bb and G cluster neurons that synthesized CP1 and CP2, H cluster neurons synthesized more CP1 than CP2 (Fig. 8) . Immunocytological evidence suggested that H cluster neurons also contained BuA (Miller et al., 1992) , which contains a methionine residue and thus should be detected by our labeling procedure. Although the unidentified peptide elutes very close to synthetic BuA on the first gradient (counterion: HFBA), no labeled BuA was detected on a second gradient using a different counterion (TFA; n ϭ 4).
Other neurons
Some N cluster neurons (2 of 6) did synthesize low levels of CP1 and CP2 (Fig. 6) . The finding that some neurons in the N cluster did not seem to synthesize CP1 and CP2 was unexpected, because all neurons in this cluster were positive for CP1-lir and CP2-lir. Our inability to detect synthesis of CP1 or CP2 in some of the N-cluster neurons could be attributable to their small sizes. Many of these neurons had small diameters and were flattened rather than spherical, thereby further reducing their volume. It is also possible that N-cluster neurons synthesized the peptides at lower specific rates than neurons from the other cerebral clusters that were analyzed. Although the Bb, medial G, and H neurons described above synthesized both CP1 and CP2, our immunocytological results indicated that other neurons synthesized only CP1 or CP2. These neurons are either isolated or very small, so our attempts to measure peptide synthesis in them have met with limited success. We did find, however, a single example of a neuron in the M cluster that seemed to synthesize only CP1 (data not shown), consistent with our observation that one neuron in each M cluster contained CP1-lir but no CP2-lir (Fig. 4) . Also, neurons from the asymmetric cluster found in the right pleural ganglion synthesized CP2 but not CP1 (10 of 19 analyzed; Fig. 7 ). This agrees with results from immunocytology, which showed that neurons in this region contained only CP2-lir (Fig. 4) . Of the 10 pleural neurons that synthesized CP2, six also synthesized FMRFamide, and four synthesized an unidentified methionine-containing peptide. Of the pleural neurons that did not synthesize CP2, all synthesized FMRFamide (9 of 9). These neurons were located posterior and dorsal to the CP2 cluster.
We wished to determine which of the cerebral clusters described above contained neurons that were likely to synthesize CP1 and CP2 and transport them to the abdominal ganglion. To do this, we identified neurons in clusters in the cerebral ganglia on the basis of location and electrophysiological properties that we had previously found to synthesize CP1 and CP2, and we stimulated the pleural-abdominal connective with a suction electrode to determine whether these neurons sent an axon into the connective. The pleural-abdominal connective is the major neural connection between head ganglia, including the cerebral ganglia and the abdominal ganglion. Antidromic spikes were observed in most of the Bb neurons (15 of 26), many of the medial G neurons (6 of 15), and none of the H neurons (0 of 15) tested. It seems most likely that transport of CP1 and CP2 is occurring in the axons of the Bb and G neurons, although the possibility of blockade of antidromic spike conduction at axon branches of H neurons cannot be excluded.
Electrophysiological responses of neurons in the buccal and abdominal ganglia to CP2
Neuronal cell bodies that were densely innervated with varicosities containing CP2-lir were particularly prominent in the buccal and abdominal ganglia (Fig. 3A) . Thus, it seemed most likely that neurons in these ganglia would respond to CP2 applied via the bath. As reported previously, we have not yet found any biological activity for CP1 on central neurons ; however, a number of identified neurons in the buccal and abdominal ganglia were depolarized by the application of synthetic CP2. Specifically, we tested the effects of CP2 on neurons that could be identified by a combination of size, location, appearance, the nature of their spontaneous activity, and synaptic connections with other identified neurons. 
Buccal ganglia
The buccal ganglia contain many of the neurons that mediate consummatory feeding behaviors, i.e., biting, swallowing, and rejection (Kupfermann, 1974) . In nASW, bolus applications of CP2 to the isolated buccal ganglia elicited buccal motor program (BMP)-like rhythmic activity in many of the identified motor neurons in the ventral cluster (Fig. 9A) . These effects did not persist in low Ca ASW, which inhibits chemical synaptic transmission, suggesting that they were not direct effects on these neurons. The relative timing of bursts in these neurons is useful in identifying the nature of the BMPs (Cropper et al., 1990; Morton and Chiel, 1993; Church and Lloyd, 1994) . Two basic BMPs have been described: ingestive BMPs (iBMPs) and egestive BMPs (eBMPs). In the patterned activity application of CP2 that was caused, B4 and B7 fired in phase with each other, a characteristic of eBMPs (Fig. 9A) . Bursts in B4 and B5 were weaker than in either type of Figure 6 . Examples of HPLC of extracts from individual neurons dissected from clusters in the cerebral ganglia that were positive for CP1-lir and CP2-lir. Cell extracts were run with HFBA as the counterion. Dashed lines indicate the retention times of synthetic CP1 and CP2 as monitored by absorbance. For each neuron, the identities of CP1 and CP2 were confirmed by running aliquots from these peaks on HPLC with TFA as a counterion. Arrows represent the retention times for synthetic BuA in the H neuron profile and synthetic MmA in the N neuron profile (see text). Aliquots of the peak that seems to coelute with BuA in the H neuron profile on this gradient did not coelute with BuA when run with TFA as a counterion. In this and the next figure, unincorporated [
35 S]methionine is the predominant component of the broad peak, with brief retention time (0 -3 min) that in some cases is truncated (i.e., N Neuron).
BMP; however, the pattern observed in B38 was more similar to that observed during a weak iBMP. Also, application of CP2 caused bursts of action potentials in neurons such as B1, B2, and B13, which do fire during iBMPs but not during eBMPs. Thus, application of CP2 evoked patterned activity that had some characteristics of an iBMP, the pattern being similar but not identical to iBMPs evoked by stimulation of cerebral-to-buccal interneuron 2 (Rosen et al., 1991; Church and Lloyd, 1994) . Of the many neurons recorded from in the buccal ganglia, we found only one identified neuron that seemed to respond directly to CP2. This neuron, termed B41 (Ono, 1989) , depolarized in response to CP2, and this effect persisted in low Ca ASW (Fig. 9B) . Intracellular stimulation of B41 produced synaptic potentials in many other neurons but did not elicit a BMP; thus CP2 must also act on other premotor neurons in the buccal ganglia to initiate the BMP.
Abdominal ganglion
In nASW, many neurons in the isolated abdominal ganglion did respond to the application of CP2 with a change in their ongoing activity. When CP2 was applied in low Ca ASW, however, the responses were no longer present, suggesting that they were indirect. In RB cells recorded in nASW, CP2 elicited a series of hyperpolarizing responses that seemed to be attributable to bursts of action potentials in an inhibitory neuron presynaptic to the RB neurons. This input seemed similar to that produced by R20 neurons, which are a pair of very similar electrically coupled neurons that modulate respiratory pumping (Alevizos et al., 1989) . Accordingly, we recorded from R20 neurons and found that CP2 produced a dose-dependent depolarization (11 of 11 neurons analyzed). In nASW, the depolarization was often accompanied by a volley of IPSPs (Fig. 10) . In low Ca ASW, CP2 continued to evoke a depolarization of similar amplitude and time course, suggesting that it was a direct action on R20 neurons, whereas the compound IPSP was no longer observed, suggesting that it was an indirect effect of CP2 on other neurons presynaptic to the R20 neurons. Similar responses, including the direct depolarization and indirect recruitment of a compound PSP, were observed in other neurons in the abdominal ganglion, some of which were in the respiratory pumping circuit, including the R25 (3 of 3), RG (15 of 15), LD (3 of 3), and L7 (5 of 5) neurons (Frazier et al., 1967; Koester and Kandel, 1977; Alevizos et al., 1989; Koester, 1989) . In multifunction neuron L7, the indirect input evoked by CP2 was an excitatory-inhibitory PSP that was coincident with the IPSP recorded in other neurons. Other neurons that are in the respiratory pumping circuit, such as R15 (4 of 4) and L11 (4 of 4), seemed to receive only the indirect compound Figure 7 . Examples of HPLC of extracts from individual neurons dissected from the cerebral Bn cluster, which was not immunoreactive for CP1 or CP2, and the asymmetric right pleural ganglion cluster, which was positive for CP2-lir but not CP1. Cell extracts were run with HFBA as a counterion, as in Figure 6 . Dashed lines indicate the retention times of synthetic CP1, FMRFamide (FMRFa), and CP2 as monitored by absorbance. The identities of FMRFamide and CP2 were confirmed by running aliquots from these peaks on HPLC with TFA as a counterion. Figure 8 . Radiolabeled peptide content in neurons from selected clusters of the cerebral ganglia. Incorporation into peptides is represented as the percentage of total radioactivity recovered from HPLC runs to compensate for the wide range of sizes of the neuronal cell bodies. In addition, the radioactivity associated with CP2 was divided by 3, because this peptide contains three methionine residues, whereas CP1 and FMRFamide each contain one methionine residue. Values are mean Ϯ SEM, with n ϭ 9 for Bb, 9 for G, 10 for H, and 4 for Bn neurons.
IPSP and did not respond directly to CP2. In addition, neuron L5 seemed to be depolarized directly by CP2 (4 of 4), but it did not receive any indirect input. Thus, CP2 elicited various responses when applied in nASW but either no response or a depolarization when applied in low Ca ASW.
Injection of CP2 into intact animals
We were interested in determining the behavioral effects of injected CP2. First, we tested whether CP2 was stable in Aplysia hemolymph, which rapidly degrades a number of neuropeptides (Hall and Lloyd, 1990; Squire et al., 1991; Rothman et al., 1992) . Combined radiolabeled and synthetic CP2 (total concentration ϳ1 M) were incubated with either freshly collected hemolymph or previously boiled hemolymph as a control, and aliquots were analyzed by HPLC. CP2 was stable in boiled hemolymph. It was also quite stable in fresh hemolymph: only 2.5% was broken down after a 10 min incubation and 5.2% after 20 min, suggesting that injected CP2 might remain active for some time.
CP2 was injected into the hemocoel of four freely behaving animals in quantities that would reach a final concentration of ϳ3 M if distributed evenly in the animal. This concentration was chosen because it reliably elicited responses in neurons in isolated ganglia (see above). Control animals were injected with nASW only. Four consistent changes in behavior were observed in the animals injected with CP2. Consistent with the results from the electrophysiological studies, there was a marked increase in the rate of respiratory pumping. No RPs were observed in control animals before or after injection; however, animals given CP2 showed a marked increase in the frequency of RPs that peaked 15-20 min after the injection (Fig. 11) . This is similar to the time course for the initiation of egg-laying behavior in animals injected with synthetic egg-laying hormone (Bernheim and Mayeri, 1995) . The earliest observable effects of CP2 were an increase in rapid locomotion, a loss in the ability of the medial and posterior regions of the foot to attach to the substrate, and uncoordinated contractions of the parapodia. Consummatory feeding behaviors such as biting were not observed in any of the animals injected with CP2, although it is possible that other ingestive behaviors (e.g., swallowing) or small movements of the buccal mass occurred but were not visible.
DISCUSSION
CP2-lir was found in approximately 200 neurons located predominantly in the cerebral ganglia. Less numerous, smaller immunoreactive neurons were also found in the abdominal, pleural, and buccal ganglia, but none were observed in the pedal ganglia. The results from immunoblots and labeling experiments suggestd that at least most of this immunoreactivity represents authentic CP2. Results from immunocytological and biochemical procedures indicate that CP2 is colocalized with CP1 in neurons of the Bb cluster, the medial ventral G cluster, and the H cluster in the Figure 9 . Responses of neurons in the buccal ganglia to bolus applications of CP2. A, Bolus application of 10 Ϫ5 M CP2 in nASW evokes rhythmic inputs into three ventral cluster motor neurons (B38, B8, and B7) and multifunctional neuron B4. B, Depolarization of B41 by bolus applications of CP2 at the indicated concentrations. B41 was identified by relative size and position and its synaptic connections to B4 and B13 (Ono, 1989) . This experiment was performed in low Ca ASW to suppress chemical synaptic transmission. Similar results were obtained from B41 neurons in other preparations (7 of 7 analyzed). Figure 10 . Responses of neurons in the abdominal ganglion to bolus applications of CP2. A, Depolarization of R20 by bolus application of CP2 at the indicated concentrations. R20 was identified by relative size and position, pigmentation, pronounced spike broadening exhibited during repetitive firing, synaptic connections to RB or RG neurons, and the nature of its responses to applications of FMRFamide and myomodulin (Alevizos et al., 1989) . This experiment was performed in nASW. Note that, in addition to a dose-dependent depolarization of R20, the higher doses of CP2 also recruited a large hyperpolarizing response that was made up of a number of individual IPSPs when observed at a faster time base. B, Depolarization of R20 by bolus application of CP2 at the indicated concentrations. This experiment was performed in low Ca ASW to suppress chemical synaptic transmission. CP2 continued to cause a dosedependent depolarization similar in amplitude and time course to those observed in A, but no compound IPSPs were recruited. Records in A and B are from the same neuron. Similar results were obtained from R20 neurons in other preparations (11 of 11 analyzed). cerebral ganglia; however, the colocalization of CP1 and CP2 is a complex phenomenon. The relative content of radiolabeled CP1 and CP2 varies between neurons from different clusters, and some neurons contain only CP1 or CP2 but not both. It is possible that a single mRNA or precursor protein for CP1 and CP2 is processed differently in different neurons or that the expression of separate genes gives rise to precursor proteins for CP1 or CP2. Currently, we have no way to distinguish between these possibilities. We also observed the coexpression of CP2 and FMRFamide in an asymmetric cluster of small neurons in the right pleural ganglion. This cluster was not described in previous studies of the distribution of FMRFamide-like immunoreactivity in the pleural ganglia (Soinila and Mpitsos, 1991; Small et al., 1992) . In addition to the overlap with CP1-lir in the cerebral ganglion, the location of neurons that contained CP2-lir was distinct from that reported for other peptides in Aplysia, with two exceptions: neurons in the cerebral H cluster contain buccalin-like immunoreactivity (Miller et al., 1992) , and neurons in the newly designated cerebral N cluster contain myomodulin-like immunoreactivity . We found no evidence, however, for buccalin synthesis in the entire H cluster or in this study in individual H cluster neurons. It is unlikely that the antiserum directed against buccalin is binding to CP1 and CP2, because there is little sequence similarity among the peptides, and other neurons that contain CP1-lir and CP2-lir do not contain buccalinlike immunoreactivity. It is possible that the buccalin antiserum binds to the unidentified methionine-containing peptide we found to be synthesized in H cluster neurons. The low levels of synthesis in N cluster neurons made it difficult to determine whether they might synthesize myomodulin in addition to CP1 and CP2.
CP1 and CP2 were identified originally because they were the major methionine-labeled peptides transported from the cerebral ganglia to the abdominal ganglion. Our results suggest that neurons from the Bb and medial G clusters are the most likely candidates for the neurons that synthesize CP1 and CP2 and transport them along axons from the cerebral ganglia to the abdominal ganglion. These results agree with those of a more general study in which antidromic responses were recorded from neurons in a number of clusters in the cerebral ganglia while stimulating the pleural-abdominal connective (Jahan-Parwar and Fredman, 1976) . Neurons in these clusters are also labeled by backfills of the pleural-abdominal connective (Fredman, 1987; Ferguson et al., 1989) or retrograde-labeling from the abdominal ganglion with fluorescent dyes (Hawkins, 1989; McPherson and Blankenship, 1991) . Bb neurons are putative modulatory neurons that send axons into both the cerebral-pedal and the cerebralpleural connectives and out various peripheral nerves of the pleural and pedal ganglia to innervate the body wall and foot (Teyke et al., 1989) . They may also innervate the body wall in the mantle region via the peripheral nerves of the abdominal ganglion. Bn and Bb neurons were differentiated originally on the basis of physiological and morphological characteristics (Teyke et al., 1989) . They now can also be differentiated on the basis of their expression of neuropeptides: all Bb neurons that were analyzed synthesized CP1 and CP2, whereas all Bn neurons synthesized FMRFamide. Neurons containing FMRFamide-like immunoreactivity have been localized to the region of the B cluster occupied predominantly by Bn neurons (Soinila and Mpitsos, 1991) . Also, it is likely that some Bn neurons send axons into the pleuralabdominal connective (Jahan-Parwar and Fredman, 1976; Mackey et al., 1989) . Thus, Bn neurons may account for some of the FMRFamide found to be transported from the cerebral ganglion to the abdominal ganglia and perhaps to the pedal and pleural ganglia as well (Lloyd, 1989) .
In the B and G clusters, where CP1-and CP2-containing neurons were intermingled with neurons that do not express these peptides, we have attempted to make it possible for others studying neurons in these clusters to be able to determine whether a neuron expressed CP1 and CP2 from its electrophysiological properties alone. Fortunately, this turned out to be relatively straightforward, because bimodal distribution of action potential durations correlated accurately with the expression of CP1 and CP2. In both clusters, neurons with action potentials of relatively long duration expressed CP1 and CP2, and neurons with action potentials of relatively short duration did not. The long duration action potentials, however, were not simply correlated with peptide expression, because Bn neurons expressed FMRFamide at levels comparable to the expression of CP1 and CP2 in Bb neurons.
It has been suggested that the H cluster may be homologous to the the asymmetric region of the right mesocerebrum of the pulmonate snail, Helix pulmonata, and the anterior lobe of the right cerebral ganglion of Lymnaea stagnalis . Neurons in these regions seem to innervate the penis (Chase, 1986; Croll and van Minnen, 1992; Smit et al., 1992; Li and Chase, 1995) ; however, few H cluster neurons send axons into the pathways from the cerebral ganglia to the penis (Jahan-Parwar and Fredman, 1976) . Results presented here suggest that H-cluster neurons do not represent a major input to the penis, because these neurons actually synthesize more CP1 than CP2, but only CP2-lir was observed in this tissue.
Electrophysiological results suggest that neurons that synthesize CP2 may be involved in the generation of behaviors in the buccal and abdominal ganglia. In the buccal ganglia, CP2 seemed to activate neurons that initiate patterned activity in ventral cluster motor neurons. It is possible that CP2-containing cerebral Figure 11 . RP rates were increased by injections of synthetic CP2 into freely behaving animals. Animals (four pairs) were observed for 15 min, injected with either nASW (control) or nASW containing CP2, and observed for an additional 30 min. No RPs were observed in the control animals before or after injections. The figure shows the mean RP rate (RP/hr) in 5 min periods before and after the CP2 injections. (* indicates significant differences from the control group, using t test and 0.05 significance levels.) neurons may be the normal source of CP2 in the buccal ganglia. It has been shown that the presence of the cerebral ganglia is necessary for biting, an ingestive behavior (Kupfermann, 1974) . Neurons containing CP2-lir are present in both the E and G clusters of the cerebral ganglia. Neurons in these clusters modulate buccal motor programs and feeding behaviors (Weiss et al., 1978; 1986; Chiel et al., 1986 Chiel et al., , 1988 Rosen et al., 1991) , and several axons containing CP2-lir were observed in the cerebralbuccal connective.
In the abdominal ganglion, CP2 directly depolarized both R20 and R25 neurons, two neuronal groups that participate in the initiation or modulation of respiratory pumping (Alevizos et al., 1989; Koester, 1989) . The cerebral ganglia do seem to play a role in the regulation respiratory pumping, because lesioning them reduces the increase in pumping rate produced by elevated CO 2 levels (Levy and Susswein, 1993) . Unfortunately, we have not yet identified neurons in the cerebral ganglia that synthesize CP2 and are presynaptic to the R20 or R25 neurons.
Freely behaving animals injected with CP2 increased their respiratory pumping rate consistent with the effects of the peptide on identified neurons in the abdominal ganglion. Because CP2 was stable in hemolymph and is similar in size to several known neurohormones in Aplysia (Chui et al., 1979; Campanelli and Scheller, 1987; Weiss et al., 1989; Nagle et al., 1990) , it may also act as a neurohormone. Injected CP2 may also act on neurons in the cerebral and pedal ganglia that initiate or mediate locomotion or parapodial movements.
We have identified a new peptidergic transmitter that seems to be used by a large number of neurons in the cerebral ganglia and has potent excitatory effects on many neurons in other ganglia in Aplysia. These results suggest that using fast axonal transport of labeled peptides as an assay for identifying transmitter-like peptides is a powerful procedure that may have wide application to other neural systems in Aplysia and other animals.
